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We report on the results of x-ray absorption (XAS), x-ray magnetic circular dichroism (XMCD),
and photoemission experiments on n-type Zn1−xCoxO (x = 0.05) thin film, which shows ferromag-
netism at room temperature. The XMCD spectra show a multiplet structure, characteristic of the
Co2+ ion tetrahedrally coordinated by oxygen, suggesting that the ferromagnetism comes from Co
ions substituting the Zn site in ZnO. The magnetic field and temperature dependences of the XMCD
spectra imply that the non-ferromagnetic Co ions are strongly coupled antiferromagnetically with
each other.
PACS numbers: 75.50.Pp, 79.60.Dp, 78.70.Dm, 78.20.Ls
Diluted magnetic semiconductors (DMS’s), in which
a portion of atoms of the non-magnetic semiconductor
hosts are replaced by magnetic ions, are key materials
for “spintronics” (spin electronics), which is intended to
manipulate both the spin and charge degrees of freedom
by use of coupling between the spins of the magnetic
ions and the charge carriers of the host semiconductors
[1]. Indeed, using ferromagnetic DMS’s, it has been suc-
cessful to realize spin-related new techniques such as spin
injection [2], electrical manipulation of magnetization re-
versal [3], and current-induced domain-wall switching [4].
However, because the Curie temperature (TC) of the pro-
totypical ferromagnetic DMS Ga1−xMnxAs is below the
room temperature (TC<200 K), it is still difficult to uti-
lize DMS’s in practical applications. Recently, oxide-
based DMS’s [5], especially ZnO-based DMS’s [6, 7, 8],
have attracted much attention as candidates for room
temperature ferromagnetic DMS’s. The wide band gap
of ZnO is also expected to expand the range of applica-
tions. Theoretical studies have predicted that intrinsic
ferromagnetism of Co-doped ZnO can be stabilized by
electron doping [9, 10]. However, possible extrinsic ori-
gins of the ferromagnetism such as precipitated Co metal
clusters [11] have not been excluded and the ferromag-
netism of Zn1−xCoxO is still in strong dispute.
Although magnetization and anomalous Hall effect
measurements are suitable to investigate magnetic prop-
erties, it is not straight forward to judge from these mea-
surements whether the ferromagnetism is intrinsic or ex-
trinsic [12]. X-ray magnetic circular dichroism (XMCD),
which is the difference in core-level absorption spectra be-
tween right- and left-handed circularly polarized x-rays,
is an element specific probe sensitive to the magnetic po-
larization of each element, and therefore enables us to di-
rectly extract the local electronic structure related to par-
ticular magnetic properties of the substituted transition-
metal ions [13]. In this work, we have performed com-
bined x-ray absorption (XAS), XMCD and photoemis-
sion spectroscopy (PES) studies of Zn1−xCoxO to deter-
mine the electronic structure and the magnetic properties
associated with the Co ions. In particular, the XMCD
line shape and the intensity under varying magnetic field
and temperature have implied that the ferromagnetism
of Zn1−xCoxO is indeed caused by the Co
2+ ions substi-
tuting the Zn site.
A Zn1−xCoxO (x = 0.05) thin film was epitaxially
grown on a α-Al2O3 (0001) substrate by the pulsed laser
deposition technique using an ArF excimer laser with
energy density 1.0 J/cm2. During the deposition, the
substrate was kept at a temperature of ∼300 ◦C in an
oxygen pressure of 1.0×10−5 mbar. The total thickness
of the Zn1−xCoxO layer was ∼ 2000 A˚ on a 500 A˚ ZnO
buffer layer. X-ray diffraction confirmed that the thin
film had the wurtzite structure and no secondary phase
was observed. Details of the sample fabrication are given
in Ref. [14]. Ferromagnetism with TC above the room
temperature was confirmed by magnetization measure-
ments using a SQUID magnetometer (Quantum Design,
Co. Ltd.).
XAS and XMCD measurements at the Co 2p→3d
(Co L2,3) edge were performed at beam line BL23SU
[15] of SPring-8 in the total-electron yield mode. The
monochromator resolution was E/∆E > 10000. Right-
handed (µ+) and left-handed (µ−) circularly polarized x-
ray absorption spectra were obtained by reversing photon
helicity at each photon energy. External magnetic field
was applied perpendicular to the sample surface. In the
XMCD experiment, the magnetic field (H) is changed
from 2.0 to 7.0 T at 20 K and the temperature (T ) from
20 to 220 K at 7.0 T. The background of the XAS spectra
was assumed to be a hyperbolic tangent function as usual.
Circularly polarized x-ray absorption spectra under each
experimental condition have been normalized to the max-
imum height of the Co L2,3 edge XAS [(µ
+ + µ−)/2]
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FIG. 1: Co 2p core-level spectra of Zn0.95Co0.05O. (a) Ex-
perimental Co L2,3 edge XAS spectrum (top) compared with
atomic multiplet calculations, in which the Co valence and
the sign and magnitude of the crystal-field 10Dq are varied.
The positive and negative 10Dq mean that the Co ion is co-
ordinated octahedrally and tetrahedrally by oxygen atoms.
(b) Co 2p XPS spectrum and CI cluster-model analysis. c
and L denote a hole in the Co 2p and the oxygen 2p orbitals,
respectively.
spectra as 100. Ultraviolet photoemission (UPS) mea-
surements were performed at BL-18A of Photon Factory
(PF), High Energy Accelerator Research Organization
(KEK). Spectra were taken at room temperature in a
vacuum below 7.5×10−10 Torr. The total resolution of
the spectrometer (VG CLAM hemispherical analyzer) in-
cluding temperature broadening was ∼ 200 meV. X-ray
photoemission (XPS) measurements were performed us-
ing a Gammadata Scienta SES-100 hemispherical ana-
lyzer and an AlKα source (hν = 1486.6 eV) in a vacuum
below 1.0×10−9 Torr. In both UPS and XPS measure-
ments, photoelectrons were collected in the angle inte-
grated mode. Sample surface was cleaned by cycles of
Ar+-ion sputtering at 1.5 kV and annealing at 250 ◦C.
Cleanliness of the sample surface was checked by the ab-
sence of a high binding-energy shoulder in the O 1s spec-
trum and C 1s contamination by XPS.
Figure 1(a) shows the Co L2,3 XAS spectrum com-
pared with spectra calculated using atomic multiplet the-
ory. The calculation was carried out for Co2+ and Co3+
with the positive and negative crystal-field parameter
10Dq representing the octahedral and tetrahedral co-
ordinations of oxygen atoms for Co, respectively. The
calculated multiplet splitting for Co3+ is more spread
than experiment both for the octahedral and tetrahe-
dral crystal fields, and the calculated spectra for Co2+
better reproduce the experiment. Furthermore, the neg-
ative 10Dq better reproduces the measured XAS spec-
trum. Hence, we conclude that the Co ion is divalent
and is tetrahedrally coordinated by four oxygen atoms.
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FIG. 2: Valence-band UPS spectra of Zn0.95Co0.05O. (a) A
series of photoemission spectra for photon energies in the Co
3p→3d core-excitation region. Inset: Absorption spectrum
recorded in the total electron yield mode. (b) Top: On-
resonance (hν = 61.5 eV) and off-resonance (hν = 60.0 eV)
spectra. The difference between these spectra represents the
Co 3d PDOS. Bottom: CI cluster-model analysis for the Co
3d PDOS.
Further information about the local electronic struc-
ture of the Co2+ ion, namely, hybridization of the Co
3d orbital with the host oxygen 2p orbital as well as the
d-d Coulomb interaction can be studied by photoemis-
sion spectroscopy [16, 17]. The Co core-level 2p XPS
spectrum of Zn0.95Co0.05O shown in Fig. 1(b) is similar
to that of CoO [18]. We have made a configuration-
interaction (CI) cluster-model analysis of the Co 2p
XPS spectrum using a [Co2+(O2−)4]
6− cluster and es-
timated the electronic structure parameters: the ligand-
to-3d charge-transfer energy ∆ = 5.0±0.5 eV, the d-d
Coulomb interaction energy U = 6.0±0.5 eV, and the
Slater-Koster parameter (pdσ) = −1.6±0.1 eV. These
parameters are in good agreement with those obtained
from the previous XAS study [19] and are consistent
with the chemical trend in transition-metal-doped II-
VI DMS’s [20]. Here, Racah parameters have been
fixed at the values of the free ion: B = 0.138 eV and
C = 0.54 eV. The Co 3d-2p core hole Coulomb attrac-
tion energy Q is related to U through U = βQ, where at
β = 0.7. The ratio between (pdσ) and (pdpi) has been
fixed (pdσ)/(pdpi) = −2.16. Figure 1(b) shows that the
main peak of the spectrum dominantly consists of charge-
transferred states, i.e. cd8L, where c and L denote a hole
in the Co 2p and oxygen 2p orbitals, respectively.
Figure 2(a) shows the valence-band UPS spectra of
Zn0.95Co0.05O taken at various photon energies in the
Co 3p→3d core-excitation region. The absorption spec-
trum in the same energy region is shown in the inset.
Binding energies (EB’s) are referenced to the Fermi level
(EF) of a metallic sample holder which is in electri-
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FIG. 3: Magnetic field and temperature dependences of the
Co L2,3 XMCD spectra of Zn0.95Co0.05O. (a) XMCD spectra
under different magnetic fields at 20 K. Open circle shows the
difference of the spectra between H = 4.5 and 2.0 T. (b) Av-
erage magnetic moments Mspin, Morb, and Mtot as functions
of magnetic field, estimated using the XMCD sum rules. (c)
The same as (b) as function of temperature.
cal contact with the sample. The absorption spectrum
shows that Co 3p→3d absorption occurs at hν∼61 eV.
Constant-initial-state (CIS) spectra at various EB’s (not
shown) indicate that the Co 3d partial density of states
(PDOS) is primarily located at EB∼3.0 and ∼ 7.0 eV.
Figure 2(b) shows the Co 3d PDOS of Zn0.95Co0.05O,
which has been obtained by subtracting the off-resonance
(hν = 60 eV) spectrum from the on-resonance (hν = 61.5
eV) one. Here, the off-resonance spectrum was multiplied
by the integrated (0<EB<9 eV) intensity ratio between
hν = 61.5 and 60 eV of pure ZnO. The Co 3d PDOS
shows a peak at EB∼3.0 eV, which is similar to that of
the polycrystalline Zn0.9Co0.1O [21], and a satellite at
EB∼7.0 eV. Because the energy difference between the
top of the O 2p band and EF is nearly equal to the band
gap of ZnO, EF is supposed to be located near the con-
duction band minimum (composed of Zn 4s and possibly
of Co d states), meaning that the sample is n-type. Al-
though local-density approximation (LDA) calculations
have predicted that ferromagnetism is mediated by car-
riers and therefore needs a high density of states (DOS)
at EF [9], we could not clearly observe a finite DOS at
EF, consistent with the low carrier density. The energy
difference between the main structure and the satellite of
the Co 3d PDOS was as large ∼9 eV for CoO [18] while
it is ∼4 eV for Zn1−xCoxO, probably because of the dif-
ferent co-ordinations of oxygen atoms between CoO and
Zn1−xCoxO. This can be well explained by the CI cluster-
model calculation using the same ∆, U , (pdσ) as shown
in Fig. 2(b).
Although the XAS spectra are independent of the mag-
netic field and µ+ and µ− are nearly identical on the scale
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FIG. 4: Co L2,3 XMCD spectra of Zn0.95Co0.05O. (a) Com-
parison with atomic multiplet calculation, in which the va-
lence of Co and the sign and magnitude of the crystal-field
splitting are varied. (b) CI cluster-model analysis for the XAS
and XMCD spectra.
of Fig. 1(a), there were weak but reprodusible XMCD
signals (µ+ − µ−) as shown in Fig. 3(a). The inten-
sity of XMCD spectra increases with increasing magnetic
field as shown in Fig. 3(b), while it is rather indepen-
dent of temperature as shown in Fig. 3(c). Note that,
in Fig. 3(b) and (c), the spin (Mspin), orbital (Morb),
and total (Mtot) magnetic moments of Co estimated us-
ing XMCD sum rules [22, 23] are plotted rather than
the raw XMCD intensities. Part of the XMCD signals
which linearly increases with H represents the param-
agnetic component, while XMCD signals which persist
at H∼0 T represent the ferromagnetic component [24].
The difference between XMCD spectra under H = 2.0
and 4.5 T, which reflects the paramagnetic component,
shows nearly the same line shape as the XMCD spectrum
taken at the lowest magnetic field of 2.0 T, as shown in
Fig. 3(a). Therefore, it seems that the Co ions have sim-
ilar electronic structures in the paramagnetic and ferro-
magnetic components. It should be emphasized that the
XMCD spectra also show a multiplet structure, unlike
those of Co metal [25], indicating that the magnetism in
the present sample is not due to metallic Co clusters but
due to Co ions with localized 3d electrons.
As in the case of the XAS spectrum, the XMCD spec-
tra are also compared with theoretical XMCD spectra
calculated using atomic multiplet theory as shown in
Fig. 4(a). The calculated ratio Morb/Mspin is compared
with experiment. The line shape of the calculated spec-
tra for Co3+ are different from the experimental one
and the line shape for Co2+ with tetrahedral oxygen co-
ordination best agrees with experiment. Comparison of
the ratioMorb/Mspin between the calculated spectra and
experiment indicates that the Co2+ ion with tetrahedral
oxygen co-ordination and not octahedral one is consistent
4with experiment. Therefore, the calculated spectrum for
Co2+ with 10Dq = −0.7 eV best reproduces the experi-
mental XMCD. To examine more details of the XAS and
XMCD line shapes, CI cluster-model calculations were
performed as shown in Fig. 4(b). We have used elec-
tronic structure parameters ∆ = 5.0 eV, U = 5.0 eV,
and (pdσ) = −1.6 eV, nearly the same as those estimated
from the PES experiments. The calculated Morb/Mspin
is closer to the experimental value than that of atomic
multiplet theory. This gives further support that the
substituted Co ions under tetrahedral crystal field are
responsible for the ferromagnetism in Zn1−xCoxO.
Finally we comment on possible origins of the
temperature-independent paramagnetic component of
the XMCD signals. This signal cannot be due to
Pauli paramagnetism of conduction electrons because
their XMCD spectra show characteristic of the Co2+
ion and also that its susceptibility χexp ∼ 1.43 × 10
−2
(µB/Tper Co) is several orders of magnitude larger than
the Pauli paramagnetism expected for the conduction
electron concentration n ∼ 1.0×1017 cm−3 of the present
sample. If the temperature-independent paramagnetism
is due to the Co2+ ions, there should be strong antifer-
romagnetic interaction between the Co ions because, if
the Co ions do not interact with each other, they would
show the Curie behavior. The temperature-independent
paramagnetic component may arise from the suscepti-
bility of the antiferromagnetic Co ions having a Ne´el
temperature above the room temperature. Such mag-
netic susceptibility is estimated to be g2S(S + 1)/TN ∼
8.4 × 10−3 (µB/TperCo) for g = 2, S = 3/2, and
TN = 400 K, in reasonable agreement with slope of
the XMCD intensity [Fig. 3(b)] of χexp ∼ 1.43 × 10
−2
(µB/Tper Co). Although both the ferromagnetic and
paramagnetic/antiferromagnetic Co ions has the same
2+ valence and the tetrahedral crystal field, subtle differ-
ences such as neighboring defects and local lattice distor-
tion may have lead to the different magnetic behaviors.
In order to confirm the above conjectures, more precise
and systematic XMCD measurements on samples with
varying carrier concentrations are necessary.
In summary, we have performed XAS, XMCD, and
PES experiments on the diluted ferromagnetic semicon-
ductor n-type Zn1−xCoxO (x = 0.05). The XMCD spec-
tra show a multiplet structure, characteristic of the Co2+
ion tetrahedrally coordinated by oxygen. This implies
that the ferromagnetism in Zn1−xCoxO is caused by the
substituted Co2+ ions at the Zn site. The magnetic field
and temperature dependences of the XMCD intensity
suggest that the non-ferromagnetic Co ions are strongly
coupled antiferromagnetically with each other.
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